Assessing the long-term dynamics of mountain landscapes that are influenced by large-scale natural and anthropogenic disturbances and a changing climate is a complex subject. In this study, a landscape-level ecological model was modified to this end. We describe the structure and evaluation of the fire sub-model of the new landscape model LANDCLIM, which was designed to simulate climate-fire-vegetation dynamics. We applied the model to an extended elevational gradient in the Colorado Front Range to test its ability to simulate vegetation composition and the strongly varying fire regime along the gradient. The simulated sequence of forest types along the gradient corresponded to the one observed, and the location of ecotones lay within the range of observed values. The model captured the range of observed fire rotations and reproduced realistic fire size distributions. Although the results are subject to considerable uncertainty, we conclude that LANDCLIM can be used to explore the relative differences of fire regimes between strongly different climatic conditions.
Introduction
Forest landscape patterns result from the interactions of the physical environment, successional processes and disturbance regimes. Anticipated climate changes for the 21st century are expected to cause shifts in species composition and changes in disturbance regimes (IPCC 2001) , which makes it difficult to predict the long-term development of forest landscapes. Dynamic landscapescale models enable us to investigate these complex systems in a quantitative, structured manner.
A wide range of landscape-scale fire models exists (Gardner et al. 1999 ), but they do not usually consider the fire-climate-forest interactions required to predict landscape development under variable climate regimes. Fire models based on Rothermel's (1972) mechanistic approach (e.g. Albini 1976; Finney 1998) are widespread, but they require detailed fuel and weather data. Also, landscape fire models typically do not simulate vegetation dynamics in a comparably detailed manner. Spatially explicit forest gap models that integrate fire and detailed vegetation dynamics (e.g. Keane et al. 1996) are often based on highly mechanistic fire models (Rothermel 1972; Albini 1976) , which makes landscape simulations (50-100 km 2 ) rather tedious (cf. Keane et al. 1996) .
Finally, in landscape models that use stochastic approaches to examine fire-vegetation interactions, the fire regimes are typically userdefined via parameters and are not emergent properties of the models (e.g. Baker et al. 1991; He and Mladenoff 1999b) . Thus, these models have limited use for predicting climate-fire interactions under a changing climate. The landscape model LANDCLIM was built to address some of these interactions ) based on the well-established LANDIS model (He and Mladenoff 1999b) . LANDCLIM includes a new, simple tree succession submodel that describes forest structure and the effects of competition and climatic as well as edaphic conditions on tree population dynamics . In the first version of LANDCLIM, large-scale disturbance processes were mostly used as implemented in LANDIS. Here, we present a new version of LANDCLIM that features a fully integrated submodel for forest fire dynamics. In the context of our research, which focuses on investigating the effects of changing climatic parameters on landscape dynamics, the requirements for the new fire model were (1) to simulate fire regime as an emergent property of climate-vegetation interactions, and (2) to simulate the influence of fire on forest dynamics.
The available models demonstrate that fire behavior as a function of climate and vegetation is well understood on a scale of hours and meters, but less so on a landscape scale (Gardner et al. 1999; Keane et al. 2004 ). The approach presented here is based on the knowledge and experience of these fire studies and aims to encapsulate climate, fire and forest dynamics by balancing simplicity with realism. Our specific objectives were (1) to describe the fire routine of the LANDCLIM model; (2) to test whether LANDCLIM accurately simulates vegetation composition along an altitudinal gradient in an area affected by fire today; and (3) to test whether LANDCLIM can predict fire regimes over this altitudinal gradient.
Methods

Model overview
The major modifications of LANDCLIM as compared to LANDIS (He and Mladenoff 1999b) include (a) quantitative descriptions of forest structure based on tree cohorts (i.e. groups of trees of the same species and age); (b) explicit incorporation of the influence of competition, climatic and edaphic parameters on tree population dynamics; and (c) modeling of the fire regime as an emergent ecosystem property based on climatic parameters and fuel load alone. LANDCLIM (cf. Figure 1) consists of a local model that simulates forest succession for each cell (usually 25 times 25 m) of a landscape at an annual time step, and a landscape model that simulates spatial processes operating over several cells at 10-year time steps. Landscape-scale processes in LANDCLIM are fire, windthrow, harvesting and dispersal. Since the windthrow and harvesting subroutines were not used in this study, they are not described here.
Only a brief overview of the succession model is provided here (Section 'Forest succession in LAND-CLIM') because we have previously described and tested it in detail ). However, a detailed description of the fire module is given in the Section 'Fire model'.
Forest succession in LANDCLIM
Tree growth is specified as a maximum potential, which is reduced to reflect suboptimal environmental conditions (temperature, drought, light). Temperature and drought conditions (Bugmann and Solomon 2000) are determined from monthly temperature and precipitation data for each cell. Each tree species' abundance is also dependent on its ability to compete for light. Shading is simulated based on the crown characteristics of the trees (Bugmann 1994 ) present per cell.
Tree mortality -In LANDCLIM, a strong reduction of growth leads to increased mortality , reflecting a stress-related decrease of tree vigor. Other factors that influence tree mortality in the model include (1) a densitydependent mortality, which occurs when stand biomass exceeds a certain level, and (2) a constant probability of death throughout tree lifespan (Botkin 1993) . In addition, fire, windthrow and harvesting cause mortality.
Tree establishment -Light availability, temperature, soil moisture, browsing (Bugmann 1994) and other user-defined factors determine tree establishment potential. Establishment conditions are checked annually; however, actual establishment occurs once every decade (i.e. establishment of 10-year age cohorts, cf. Schumacher et al. 2004) . Regardless of these abiotic and biotic conditions, establishment is possible only if propagules are available in the cell (cf. He and Mladenoff 1999a).
Fire model
A major assumption of the model is that fire occurrence is primarily responsive to climatic conditions (e.g. Swetnam and Betancourt 1990; Johnson 1992; Bessie and Johnson 1995) . Thus, variations among fire seasons affecting fuel moisture conditions rather than fuel variables associated with stand age (e.g. amount of fuel, as implemented in the original LANDIS model) are assumed to be the most important factor determining fire occurrence. In the model, the amount of fuel has an influence on fire intensity and severity. As the flammability of fuel components depends on fuel moisture, there can be differences not only in the probability of fire occurrence but also in fire intensities between marginal and extreme fire weather years (Bessie and Johnson 1995) .
Fire ignition and spread
To ignite a fire, the ignition source has to coincide with flammable fuels (Nash and Johnson 1996) . In the model, a number of fire ignitions within each decade are assumed to occur at randomly selected locations to mimic lightning-caused ignitions.
Their number is controlled by a user-defined parameter; the ignition routine of LANDIS (He and Mladenoff 1999b) was used in our fire model. However, LANDCLIM determines whether an ignition source can ignite a fire at a given location in a different manner compared to LANDIS: A fire is simulated only if it can spread to a neighboring cell (i.e. the four adjacent and four diagonal cells). Whether a neighboring cell will burn depends on a fire spread probability, which represents the cell's susceptibility to fire. Thus, a fire can spread in the model until it stops expanding in all directions or reaches the boundaries of the landscape (the original LANDIS model has maximum fire size prescribed by the user).
The basic fire spread probability (fireP base ) is expressed as a simple function of an annual drought index (drI an ), which mimics average fuel dryness for any given cell [ Figure 2 , Eq. (1)]:
where fireExp is a slope parameter (Table 1) . Drought conditions are determined using monthly temperature and precipitation data that are adjusted for elevation using lapse rates. The drought index is sensitive to temperature, precipitation, soil type and the topographic position of each cell, and is calculated for each fire ignition event from the annual sums of potential and actual evapotranspiration (Bugmann and Figure 2 . Fire probability (fireP base ) of a given cell as a function of the drought index (drI an ).
Cramer 1998) using the climate data of a randomly selected year from the past simulation decade (Schumacher 2004) . Thus, climatic conditions vary between the fires simulated for the same decade.
Although the fire spread probability is independent of fuel amounts, woody fuel has to be present in a cell to support fire spread, thus preventing spread to non-forested cells.
Topography also influences fire spread: fires typically spread more easily upslope than downslope because of the pre-heating of upslope fuels (Rothermel 1972) . This is taken into account by linearly increasing the spread probability by a slope adjustment factor (sa); downslope fire probability is reduced accordingly. However, because burning logs and other debris can roll down steep slopes and thus ignite fire downslope, the fire spread probability is reduced only up to a slope angle of 30° (Heinimann et al. 1998) .
Note that this slope adjustment [Eq. (2)] is not used to determine the initial ignition probability of a cell, where the base probability, fireP base , is used.
Wind can have a strong influence on fire behavior. These effects are not considered in the model because fire is simulated with a 10-year time step, whereas wind is characterized by dynamics operating on much smaller temporal scales. A wind adjustment coefficient could be included in Eq. (2) to distinguish windy from less windy regions; in the absence of reliable data on wind characteristics, this is however unlikely to improve model performance.
Thus, the number and size of fires simulated within each decade depends mainly on climate and topography, and varies stochastically with interannual climate variability.
Fuel pools
In LANDCLIM, the amount of flammable fuel determines fire impacts in burned cells. Three fuel pools are used to track the development of dead biomass: (1) Foliage (ffl; leaf and needle litter); (2) twigs (twfl; fine woody debris <7.5 cm diameter); and (3) boles (bwfl; wood >7.5 cm diameter). These pools change during the simulations as a result of fuel input from annual litterfall and dead trees, fuel decomposition, and fuel consumption by fire.
In the model, dead biomass results from dead trees, slash and annual litterfall. To allocate this biomass to the fuel pools, tree biomass is partitioned into foliage, twig and bole weight. Foliage weight is derived using an allometric relationship (Bugmann 1994) and is subtracted from tree biomass. Then, twig weight is estimated based on tree size, assuming that the ratio of twigs to total woody biomass decreases linearly with increasing tree size, from trees of 7.5 cm diameter at breast height (dbh) up to trees with 30 cm dbh. For trees ‡30 cm dbh, a constant fraction (twf, Table 2 ) of woody biomass is assumed to be twigs (Paulsen 1995) . Bole weight is derived by subtracting twig weight from total wood weight. All dead trees and the slash of harvested trees are partitioned as described above and added to the corresponding fuel pools. Constant fractions of total biomass are used to determine the amount of foliage, twig and bole wood slash (fs, ts, bs; Table 2 ). In addition, annual litterfall from living biomass is added to the fuel pools, calculated based on foliage retention time (frt) and twig turnover rate (twtr; Table 2 ). Biomass in the fuel pools decays according to a climate-dependent rate. The foliage litter decomposition rate (fdr) is based on the relationship by Meentemeyer (1978) using annual evapotranspiration, AET (mm, provided by the soil moisture routine) and leaf lignin content (lign, Table 2 ) as predictor variables:
A variety of decay rates for woody debris can be found in the literature (e.g. Harmon et al. 1986 ). In LANDCLIM, the temperature-dependent relationship by Mackensen et al. (2003) was used to calculate the decay rate of bole wood (bdr); twig wood was assumed to decay five times faster (tdr):
Thus, decomposition rates vary with climate throughout a model run. Although there is usually a lag between tree death and the onset of decay, decomposition starts in the model the year after a tree dies. This simplification is justifiable, as the fire submodel operates on 10-year time steps and the onset of decay is usually much earlier than 10 years (Harmon et al. 1986 ). Once fuel is added to a fuel pool, it remains there until decomposed or burned. Decomposed biomass is not further accounted for in the model.
Fire effects: tree mortality
Fire leads primarily to damage of crowns and stem cambial tissue, preferentially killing trees of short stature or with thin bark. Ryan and Reinhardt (1988) found that a logistic regression based on bark thickness and the percentage of crown kill is capable of predicting the probability of fire-caused mortality across many species: Table 2 . Default parameters used in the fire subroutine (see also where mP fire is the mortality probability of a single tree, BT is bark thickness (cm) and CK is the percentage of crown kill. Bark thickness is estimated from tree diameter using an allometric relationship (bark s , Table 3 ), and tree diameter is derived from biomass (Schroeder et al. 1997 ).
The percentage of crown volume killed depends on scorch height, tree size and crown form. Scorch height is correlated with fire intensity (van Wagner 1973) , which in turn is related to the amount of fuel available for combustion (Brown 2000) . Crown kill (CK) is thus modeled as a function of tree size (dbh eff ) and available fuel (avFuel) [Eq. (7), Figure 3 ]:
where dbh eff is effective tree diameter at breast height. If tree diameter is larger than dbhBig = 40 cm, dbh eff is set to dbhBig (cf. Figure 3) , as we assumed that dbhBig is the minimum dbh of trees that have reached the upper canopy; trees in this layer typically have comparable tree heights and crown shapes, and therefore they show the same response to fire. The values for the parameters of ck 1 and ck 2 , (Table 2) were derived using the following assumptions: a threshold level of available fuel (CKbig) is required to sustain a stand-replacing fire, i.e. a fire that is able to fully consume the crowns of large trees (dbh > dbhBig).
Another threshold value (CKsmall) was defined for the amount of fuel required to cause full crown damage to the smallest trees. Available fuel (avFuel) is the proportion of dead biomass that burns under given moisture conditions. The main factors affecting fuel consumption are fuel size and moisture content (e.g. Brown et al. 1991) . In LANDCLIM, foliage litter consumption is assumed to be 100%, independent of its moisture content. The amount of available woody fuel is a linear function of pre-fire loading and moisture conditions (drI an , see above):
where ffl is foliage fuel, twfl is twigwood fuel, bwfl is bolewood fuel, and tfc 1 , tfc 2 and bfc are parameters (Table 2) .
Fire effects: fuel pools Fire affects the fuel pools in two ways: (1) by reducing fuel amounts through consumption of available fuel (avFuel, see above); (2) by increasing fuel amounts by killed trees. Killed trees are usually only partially consumed by fire. Thus, their biomass is reduced by a consumption rate for each size class -foliage (fcr), twig (tcr), and bole (bcr) wood (cf. Table 2 ) -and the remaining biomass is added to the fuel pools.
Fire effects: tree regeneration Fire consumes seeds on a site, but some species have specific fire adaptations (e.g. serotinous cones, buried seeds), or they can re-sprout from stumps. Species without fire adaptations are at a disadvantage, particularly if fires are frequent or large and seed sources are rare. To include fire adaptation strategies in LAND-CLIM, the number of trees potentially able to establish in a cell per decade is reduced by 90% if a fire occurred, compared to the situation without fire disturbance (est red = 90%). This number is not reduced for species with fire-adapted seeds (ser s = 1; Table 3 ).
Model evaluation
To test the ability of LANDCLIM to simulate forest dynamics in the absence of fires, its performance was compared to measured data on several spatial scales in Europe ). Simulations of the forest landscape in a valley in the Swiss Alps under the historic forest management regime were compared to forest inventory data (Hefti et al. 1986 ); simulations under natural, unmanaged conditions to data on potential natural vegetation composition (Zumbu¨hl and Burnand 1986; Ellenberg 1996) and the elevation of natural treeline (Ko¨rner 1998) . Simulated stand-scale behavior after windthrow was compared to empirical studies (cf. Oliver and Larson 1996) , data from primeval forests (Hillgarter 1971) , and self-thinning studies (Yoda et al. 1963 ). The fire submodel described here was tested using an extensive sensitivity study (Schumacher 2004, p. 35ff.) to determine the importance of several parameters that were difficult to estimate based on literature data. As a result, the plausibility range of some parameters was determined (cf. Section 'Fire parameters' below).
Model parameterization and simulation sets
Study area and site parameters Our study focused on two areas northwest of Boulder (CO), Colorado Front Range, USA (40.1°N; 105.5°W). Simulations were conducted in a ca. 40 km 2 area of Lefthand Creek (LHC) extending from 1720 to 2720 m a.s.l., and a ca. 80 km 2 area of Wild Basin (WB) at 2560 to 4340 m a.s.l. (Table 1) .
Climate data (monthly temperature averages and precipitation sums) were from four weather stations ranging from near lower treeline to beyond upper treeline, i.e. the US Historical Climate Network site Longmont (approx. 20 km northeast of Boulder) and the Niwot Ridge LTER sites (Bugmann 2001 ). Altitudinal lapse rates were derived by monthly linear interpolation between the base station (Longmont) and climate stations at higher altitudes.
Soil water holding capacity was set to 10 cm across both landscapes, and the size of grid cells was 25 · 25 m. Elevation, slope and aspect per grid cell were derived from a digital elevation model with a resolution of 30 m (USGS).
Species-specific parameters
Five major tree species of the Colorado Front Range were parameterized in the model (Abies lasiocarpa, Picea engelmannii, Pinus contorta, Pinus ponderosa, Pseudotsuga menziesii) based on published data (Table 3, Bugmann 2001) .
Fire parameters
Fire parameters (Table 2) were taken from published sources. Yet, some parameters could not be derived directly from existing data, so further assumptions were made.
We were not able to quantify the relationship between site dryness and fire spread probability. Therefore, a simple function was chosen [Eq. (1)]. The shape parameter of this function, fireExp, was determined such that the curve would meet the percolation threshold (Stauffer and Aharony 1995) at a drought index that could be expected to support fast spreading fires over a large landscape. The corresponding drought index was initially determined based on the drought index for an extreme fire year, 2003, in Valais (Switzerland). The climate station Visp (ASTA; SMA 2003) was used, and soil bucket size was estimated as 10 cm. The resulting drought index (for 2003) was 0.67. As this was only a rough estimate, we determined the plausibility range of the shape parameter fireExp using a sensitivity study (Schumacher 2004) . Based on these investigations and to take the inherent uncertainty into account, all simulations in this paper were performed by varying the coefficient fireExp to represent (a) a 'conservative' estimate of fire occurrence (fireExp = 2.5; simulations LHC2.5 and WB2.5); and (b) an 'extreme' estimate, i.e. the upper limit of the plausibility range (fireExp = 2.0; simulations LHC2.0 and WB2.0; Table 1 ).
Simulations LANDCLIM was applied in the two study areas (Table 1 ) using full GIS information as input, but without taking current land cover type into account. Disturbances other than fire (i.e. forest management and windthrow) were excluded from the simulations.
All simulations were started from an empty landscape, with no trees in any of the cells. At the beginning of the simulations, all species were allocated a probability of 10% of contributing seeds to any cell. The model evaluation was begun after an equilibrium between climatic conditions, the disturbance regime, and vegetation structure was reached. To account for random effects, the evaluation was based on average results over the next 25,000 years (except for the WB2.5 simulation, where the fire regime was averaged over 50,000 years due to very low fire frequencies).
Results
Vegetation properties along the elevational gradient
Simulations at low altitudes in the Colorado Front Range resulted in a biomass distribution that increased from 20-120 t/ha at the lowest elevations to 250 t/ha in both LHC simulation sets (Figure 4a, b) . The increase was fairly gradual in the LHC2.5 simulation (Figure 4a) , whereas in the LHC2.0 simulation biomass increased only slightly over the first several 100 m (Figure 4b ). Both LHC simulations resulted in a landscape dominated by Pinus ponderosa below 2500 m (Figure 4a, b) . Pseudotsuga menziesii was co-dominant with increasing altitude, and Pinus contorta co-dominated above 2600 m in the LHC2.5 and above 2500 m in the LHC2.0 simulation.
Simulations at higher altitudes (Figure 4c , d) resulted in landscapes with biomass of 310 t/ha in the WB2.5 and almost 250 t/ha in the WB2.0 simulation at the lowest elevations, decreasing slightly with elevation over the first 600 m in the WB2.5 and 400 m in the WB2.0 simulation, but then it started to decrease quickly until about 3600 m. With increasing altitude, species composition in the two WB simulations exhibited a shift from Pseudotsuga menziesii-Pinus contorta to Picea engelmannii-Abies lasiocarpa forests. Forests near treeline were dominated by low amounts of A. lasiocarpa (Figure 4c, d) . In Figure 5 , the composition of the two high fire frequency scenarios (LHC2.0 and WB2.0) is compared to the observed situation (Sibold 2001; Sibold et al. in review; USDA Forest Service 2001) . Since we were unable to derive reliable biomass estimates from the available data, only relative vegetation composition is presented.
Stand recovery after fire
At lower elevations, some trees survived the fire disturbances, mainly big Pinus ponderosa and some Pseudotsuga menziesii individuals (Figure 6a,  b) . At higher elevations, simulated fires killed all trees (Figure 6c, d) , resulting in large amounts of dead biomass (Figure 6e, h ).
After fire, simulated live aboveground biomass increased during 100-200 years (stand re-initiation and growth). Then, biomass was reduced again and leveled off at values slightly below the transitory maximum (Figure 6a, d) .
Simulated dead aboveground biomass was high immediately after fire. During subsequent decades, it decreased and then increased again during the self-thinning period. After reaching a transitory maximum (e.g. at 150 years at elevations 2600-2700 m), dead biomass dropped again, followed by an increase towards a new steadystate.
Properties of the fire regime
Simulated fires were highly variable in size and frequency, with a high proportion of small fires, being typical for percolation processes (Figure 7) . The majority of simulated fires was smaller than 1 ha. More fires and more larger fires were simulated at lower (LHC) than at higher elevations (WB) because of drier site conditions. Fires >100 ha occurred on average every 50 and 8 years in the LHC2.5 and the LHC2.0 simulation, respectively. In WB, such large fires were simulated every 1040 and 80 years for WB2.5 and WB2.0, respectively (Figure 7) .
Fire activity decreased with elevation in both areas. At the lowest elevations, it took %60 years in the LHC2.5 and 10 years in the LHC2.0 simulation to burn an area the size of the entire elevation band (Figure 8a, b) . In the LHC2.5 simulation, this so-called fire rotation increased to %550 years at 2400-2500 m (Figure 8a ), and to %3000-5000 years above 2500 m. In the LHC2.0 simulation, fire rotation increased to 35 years at 2400-2500 m and 150 years at the highest elevations (Figure 8b) .
Fire rotation in the WB2.5 simulation was almost 4000 years at the lowest elevations and increased quickly to very high values. In contrast, the WB2.0 simulations resulted in fire rotations of 100 years at the lowest elevations and around 140-150 years above 3000 m a.s.l. Table 1 ).
Discussion
Live aboveground biomass and vegetation distribution
The simulated biomass distribution is determined not only by the climatic gradient, but also by the fire activity. At low elevations, biomass values were up to sixfold larger under the LHC2.5 simulation, which experienced few fires, compared to the LHC2.0 simulation (Figures 4a, b and 8a, b) . The relative difference in biomass decreased with increasing elevation. At 2250 m, live aboveground biomass averaged 210 t/ha in the LHC2.5 scenario and 90 t/ha in the LHC2.0 scenario. This range compares favorably with values observed by Hall et al. (2005) at 14 Pinus ponderosa sites in the Colorado Front Range, with an average 105 t/ha (range: 50-400 t/ha) at a mean elevation of 2240 m. Correspondence between simulated and observed live aboveground biomass was also close in the subalpine zone. Measurements by Binkley et al. (2003) in 18 subalpine stands in the Colorado Front Range resulted in an average stand biomass of 250 t/ha (range: 130-490 t/ha) at a mean elevation of 3240 m; corresponding simulated mean values were 150 t/ha (WB2.0) and 270 t/ha (WB2.5).
The simulated compositional change of vegetation along the elevational gradient corresponds well to general expectations and the specific empirical situation in the two test areas ( Figure 5 ). The lower montane zone of the Colorado Front Range is characterized by open, park-like Pinus ponderosa forests that become denser with increasing elevation up to c. 2000-2500 m (Peet 1981) . Pseudotsuga menziesii also grows in the montane zone, occupying less xeric, cooler sites than P. ponderosa (Peet 2000; Steinberg 2002 ). With decreasing fire activity, a transition from Figure 5 . Elevational gradient of vegetation composition for the two simulation scenarios (top) and the empirical situation (bottom) in the two study areas (abbreviations cf. Table 1 ).
P. ponderosa stands to forests dominated by the more shade-tolerant P. menziesii is expected (e.g. Korb and Ranker 2001) . LANDCLIM simulated dominance by P. menziesii only at elevations higher than 2500 m in the less fire-affected simulations (Figure 4a, c) , which may not be quite realistic (Peet 1981) . We surmise that the estimation of some species-specific parameters may not have been accurate enough to correctly simulate the location of P. menziesii along the gradient.
P. ponderosa and P. menziesii co-dominate dense stands in the mixed conifer zone (ca. 2500- Figure 6 . Stand development after fire disturbance over 500 years for selected 100 m elevation bands. Left: live aboveground biomass; Right: dead aboveground biomass. 2700 m). With increasing elevation, also Pinus contorta occurs in these mixed stands (Peet 1981 ). This pattern is matched well by the model Figure 4 ), as the simulated biomass value of P. contorta varies with simulated fire activity, and P. contorta was correctly simulated as an early seral species (Figure 6b, c) .
The subalpine forest zone (ca. 2700-3500 m) of the Rocky Mountains in Colorado is dominated by a mixture of P. contorta (at lower elevations), Picea engelmannii and Abies lasiocarpa (Peet 1981) ; Picea often has the largest fraction of biomass (Aplet et al. 1989; Peet 2000; Binkley et al. 2003) . For example, in the subalpine stands investigated by Binkley et al. (2003) , P. engelmannii accounted for more than 65% of biomass, A. lasiocarpa for 30%, and Pinus contorta for <5%. The highest elevations in the Wild Basin, up to treeline, are dominated by Pinus flexilis (Figure 5 ). In the simulations, these areas were dominated by A. lasiocarpa, since P. flexilis was not included in the simulations. Abies lasiocarpa is often dominant at upper treeline, which is located at about 3500 m a.s.l. (Peet 2000) . While species composition and biomass distribution of subalpine forests are simulated quite accurately, the elevation of simulated treeline is overestimated by about 100 m. This is most likely due to an inaccurate estimation of the species-specific minimum degree-day requirement of A. lasiocarpa.
Thus, the sequence of forest types along the elevational gradients was simulated well, and differences in the location of ecotones between simulations and field data appear to be within the range of natural variability.
Development of dead biomass
The simulated dead biomass accumulation closely follows one of the theoretical debris accumulation patterns identified by Harmon et al. (1986, Figure 10B, p. 208) . Initial mass is composed of dead biomass present before the disturbance and the biomass created by the disturbance. Then, a 'U'-shaped trough occurs as the stand matures, the pre-and post-disturbance debris is largely decayed, but the new stand has not produced much new coarse woody debris. The amount of dead biomass then starts to increase by stem exclusion, and finally a new equilibrium is reached.
Comparing the simulated values to the available data (Harmon et al. 1986) , it is likely that the model overestimated dead biomass, which amounts to about 50% of living biomass in the simulations (Figure 6a, d) . However, this ratio is not beyond the range of published data: Agee and Huff (1987) reported dead biomass values (including logs and snags) that amounted to about 35, 70, and 50% of living biomass in 110, 181, and 515 years old forest stands, respectively.
Simulated fire regime
A fire regime study in the montane zone (ca. 1830-2790 m) of the eastern slope of the northern Colorado Front Range identified 27 years with 'widespread' fires over the period 1650-1920 AD , corresponding to approximately 10 widespread fires per century. Assuming these events represent fires larger than 1000 ha, the simulation LHC2.0 relates very well to these data, but the LHC2.5 simulations are underestimating the occurrence of large fires. For the subalpine Wild Basin, fire areas were reconstructed for the period 1654-1920, with three fires in each of the three largest size classes considered (10-100, 100-1000, and >1000 ha; Sibold 2001; Sibold et al. in review) . Furthermore, 'single-tree fires' were identified, i.e. fires whose exact extent is not known, but that would likely have been <10 ha. In the area, 23 such fires occurred per century Figure 7 . Simulated fire size distribution in the two study areas (abbreviations cf. Table 1) , and observed data for Wild Basin. (Sibold and Veblen, unpublished data) . The WB2.0 simulation resulted in a fire size distribution that is comparable with these fire records, although small fires were possibly overestimated and large fires slightly underestimated, whereas in WB2.5 the occurrence of large fires was underestimated substantially (Figure 7) .
For the montane zone, only fire return intervals are available (e.g. 29 years for open P. ponderosa stands in the lower montane zone of the Colorado Front Range; Veblen 2000). They are not directly comparable with the simulated fire rotation data; thus we cannot validate the model results for the montane zone. The fire rotation for Wild Basin forests was estimated as 308 years (Sibold 2001) . Estimated fire rotation in subalpine spruce-fir forests in northwestern Colorado is 521 years (Veblen et al. 1994) , in north-central Colorado forests with a mixture of spruce-fir and lodgepole pine 346 years (Buechling and Baker 2004) , and in southern Wyoming lodgepole pine forests 182 years (Kipfmueller and Baker 2000) . These values are considerably smaller than the simulated fire rotation under the WB2.5 simulation (Figure 8c ) and somewhat higher than the WB2.0 simulation. Thus, the model captures the range of observed fire rotations, with the WB2.0 scenario being closer to reality than WB2.5.
Fire activity decreases quickly with elevation in P. ponderosa forests of the Colorado Front Range Stohlgren et al. 2002) , but no data are available on the exact change of fire rotation with elevation in these forests. Reconstructed fire rotations for the subalpine Wild Basin show an exponential increase with elevation (Sibold et al. in review; Figure 8) . While LAND-CLIM exhibits such an exponential increase for the montane area (LHC), the simulated increase is much weaker and nearly linear for WB2.0 (Figure 8) .
Overall, LANDCLIM captured key characteristics of the observed fire regime in the two study areas, but due to the large uncertainty and high sensitivity of the model to the fire probability parameter, we cannot unequivocally verify (or falsify) model behavior. The simulation results show that the shape of the fire probability curve [Eq. (1)] is a crucial determinant of fire behavior. In LANDCLIM, a percolation process based on probabilities that are dependent on soil water content determines fire occurrence and size. It is well known that spread behavior is restricted to a fairly narrow range of probabilities (Stauffer and Aharony 1995) . Below a certain threshold, fire is unable to spread (probability <0.25 in the case of 8 neighboring cells; Figure 2 ). Above a percolation threshold of %0.4 (for percolation to 8 cells), fire always spreads across the entire landscape (Stauffer and Aharony 1995; Hargrove et al. 2000) . Hence, small changes in the fire spread probability curve ( Figure 2 ) can have drastic impacts on the fire regime and thus on forest composition. The model's high sensitivity to the percolation probabilities makes it necessary to either estimate the fire-spread probability function very carefully based on an extensive set of data (which is not available to us at the moment); or to account for the range of uncertainty when setting up simulations and interpreting simulation results. Although we were able to narrow down the range of plausible shapes of the fire probability curve using a sensitivity study (Schumacher 2004 ), its exact shape should be the subject of further research. Such a model improvement would be particularly valuable for accurately simulating the Pinus contorta-Picea engelmannii/Abies lasiocarpa zone in the Rocky Mountains, where fire frequency maintains a delicate balance between early-seral P. contorta and late-seral P. engelmannii and A. lasiocarpa (Romme and Knight 1981) .
Conclusions
In this study, LANDCLIM was tested for its ability to simulate the interaction between climatic conditions, fire disturbances and forest composition along an extended altitudinal gradient (1700 m to upper treeline) in the Colorado Front Range.
The structure of LANDCLIM was found to be suitable for simulating the responses of fire and vegetation properties to environmental conditions. Particularly, no predetermined fire frequency and size distribution are required to run the fire submodel; they result as emergent properties of climate and ecological interactions. Variations in climatic parameters and the topographic setting result in a different fire regime. At the same time, forest composition is affected directly by climatic and soil conditions, and indirectly by fire. This general structure makes the model applicable to a broad range of landscapes. However, further research is required to reduce to the large uncertainty of the fire probability parameter (fireExp), as model behavior is highly sensitive to its value.
Overall, the model presented here can be useful for exploring the relative differences of the fire regime between climatic regimes, and to assess the responses of forest landscapes to variations in climatic parameters from the dry to the cold treeline. Thus, the model could be applied for improving our understanding of the impacts of a changing climate on potential fire regime shifts while simultaneously considering the long-term effects on and the interaction with vegetation dynamics.
